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Abstract 
The Distributed Generator (DG) based intentional islanding is very useful and improves the stability of power system. But the 
inverter based connection of DG leads to power quality related issues like harmonics injunction, voltage flicker and non-sine 
wave output. As a remedy, modeling and control of fuel cell based distribution generation system is studied and implemented for 
Thermal Power Station (TPS) for improving power system reliability. The TPS auxiliaries which are receiving power from 
station transformer during healthy system conditions, stop functioning during faulty grid conditions as it is difficult to fulfill their 
power demand. The paper proposes a novel method for running TPS auxiliaries during system disturbance using fuel cell as an 
alternative source of power. The voltage profile in the proposed method is maintained using power flow controller (PFC). The 
multi converter power flow controller is used for easy power and voltage profile control. It is observed that separate use of fuel 
cell as a DG and Generalized Unified Power Flow Controller (GUPFC) as a PFC fail to show desired results. The proposed 
method is studied and simulated with standard IEEE and real time test systems. It is observed that using proposed method 
uninterrupted working of TPS auxiliaries is possible during condition of system disturbance. This unaffected TPS system is 
identified as a source of power during system restoration which is followed by grid disturbance. 
© 2015 The Authors. Published by Elsevier Ltd. 
Peer-review under responsibility of Amrita School of Engineering, Amrita Vishwa Vidyapeetham University. 
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1. Introduction 
The Indian power system recorded average demand-generation deficit of approximately 40,000 Million Units 
(MU) which is 4.3% of the total capacity for the year 2013. The power system under such condition is always prone 
to have disturbances due to highly stressed network and concentrated load centers. Thus it is very difficult to supply 
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power to TPS auxiliaries having larger capacity during disturbed grid condition. The time taken to extend the power 
up to TPS auxiliaries from various sources at different locations contributes in overall delay in restoration process 
[1,2]. The Distributed Generator (DG) based sub-system islanding is very useful and improves the stability of power 
system [3,4]. But the inverter-based connection of DG leads to power quality related issues like harmonics 
injunction, voltage flicker and non-sine wave output [5]. The interconnection of grid with DG and related standards 
are fixed by IEEE for smooth interchange of power source between pre and post islanding status [6]. The DG acting 
alone finds it difficult to control voltage profile of a sub-system due to its response time [7]. Therefore it can be used 
in combination with Flexible AC Transmission System (FACTS) controllers such as UPFC and GUPFC. These 
versatile controllers are used for controlling active and reactive power simultaneously or separately. This paper 
proposes to use fuel cell embedded Generalized Power Flow Controller (active GUPFC) for supplying auxiliary 
power to TPS, which helps in decreasing restoration time. It shows improved performance to keep load voltage 
constant during healthy system condition and faulty grid condition. The proposed method is tested with IEEE nine 
bus system in MATLAB simulation platform for different fault conditions such as single phase to ground fault, three 
phase to ground fault. 
2. Auxiliary supply for TPS 
The TPS auxiliaries in modern power generation stations are designed to utilize minimum power to improve gross 
output power from TPS. However, TPS has to depend on grid power to fulfill the power demand of auxiliaries. 
Therefore TPS are not able to function during widespread grid disturbances. The hybrid generation is a promising 
solution for this problem but the large size and reliable distributed source which is required with conventional 
technologies is prohibitive. This work therefore explores the possibility of a fuel cell based auxiliary supply system 
for improving reliability of TPS. The working of fuel cell is similar to the battery. The batteries have fixed life cycle 
due to limited capacity of the supporting chemicals. A fuel cell can operate continuously as it is supplied with fuel 
externally. The type of fuel cell will be decided by electrolyte used. A fuel cell is a static energy converter from 
chemical to electrical energy. It is a modular, efficient and very low emission power source for distributed system [2, 
8, 9, and 10]. Fuel cell produces electricity from external supplies of hydrogen fuel (on the anode side) and oxidant 
(on the cathode side) in the presence of an electrolyte. Generally, the reactants flow in and reaction products flow out 
while the electrolyte remains in the cell. Fuel cells can operate almost continuously as long as the necessary fuel 
flows are maintained. There are different types of fuel cell based on base chemical or membrane used. Those are 
Phosphoric Acid Fuel Cell (PAFC), Solid Oxide Fuel Cell (SOFC), Molten Carbonate Fuel Cell (MCFC), Proton 
Exchange Membrane Fuel Cell (PEMFC) etc. 
3. Active GUPFC 
The integration of an energy storage system like Battery Energy Storage System (BESS) with FACTS device is 
proven technology [11]. The integration of BESS with STATCOM improves dynamic and transient stability of 
transmission system. It also enhances flexibility and spike damping in the system. The comparison between various 
BESS integrated FACTS devices such as STATCOM, SSSC and UPFC show that SSSC integration with BESS has 
better capability of voltage control and rotor angle oscillation damping than STATCOM integration with BESS and 
UPFC integration with BESS [12, 13, and 14]. The multi converter UPFC is called as Generalized Unified Power 
Flow Controller (GUPFC). There is one shunt-connected converter (STATCOM) and multiple series connected 
converters (SSSC) in GUPFC. This makes it suitable for controlling parallel feeders connected at one substation. 
The series and shunt converters are connected with capacitor by common DC bus. In the proposed method, GUPFC 
is installed using fuel cell as a Distributed Generator (DG) to common DC bus instead of BESS. The proposed 
system is shown in Fig. 1 where fuel cell is embedded with GUPFC. 
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Fig. 1. Proposed system 
The connection of the proposed system with loaded feeders will relax feeder load with impedance control, 
voltage profile improvement due to GUPFC as well as get uninterrupted power supply for TPS auxiliaries. The 
dependability of generating stations on grid power for supplying auxiliaries will be reduced with improved power 
quality at load side with or without grid connectivity, when fed with sub-system. Fig. 2(a) shows the general outline 
of the proposed system with grid. In this condition as sub-system sources float, main grid supplies power to sub-
system loads, based on demand. When there is a grid disturbance and main grid is unable to supply additional power 
to sub-system consisting of TPS auxiliaries, it has to be separated from main grid at common coupling point. The 
sub-system will continue supplying power to auxiliary system of generating station. Fig. 2(b) shows the condition 
when sub-system source active GUPFC fulfills the demand of auxiliaries. 
 
Fig. 2. (a) With grid connection; (b) Without grid connection. 
The proposed system is an application for generating stations. In this research work, thermal generating stations 
are considered as they have the highest installed capacity in India. Due to the effect of grid disturbance, a generating 
station usually experiences shortfall of power for running its auxiliaries. This difficulty is overcome by using power 
from sub-system.  But the stable operation of sub-system is also an issue of concern when it has renewable, nature 
dependent source. Use of fuel cell can provide uninterrupted and stable power supply if FACTS controllers are 
installed with proper electronic converters. 
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4. Location of Active GUPFC based sub-system 
The fuel cell based sub-system is easy to set-up. It is placed close to feeder supplying auxiliary power and nearby 
local load. A two-step procedure for finding out active GUPFC system location is stated below:  
x The generating set (s) to be intentionally separated during fault condition and connected load is short listed as 
per the network diagram. Then the generation-load balance condition is checked which should be as Equation: 
ͳǤͲ ൑ ሺܩȀܮሻ ൑ ͳǤͳ where G=Total generation (MW) and L= Total load (MW) as per the load flow at any point 
of time. The loads which are not satisfying above condition are deleted from the short listed group.  
x For the connected loads available after step number 1, generator contribution is calculated using graph theory. 
The load (s) which have the maximum contribution from a given generator, are lumped together for islanding 
with that generator. In such islanding pockets, active GUPFC can be located using generation-load balance 
condition.  This will improve stability of power system.  
To find out generator contribution in particular load, three approaches are considered.  
   
x Graph theory optimization  
x Relative Electric Distance (RED) with impedance  
x Relative Electric Distance (RED) with impedance angle  
 
The above procedure is applied to IEEE 9 bus test system. From the results shown in accompanying Table with 
Fig. 3, it is clear that for every load in network, particular generator has the maximum contribution. The loads with 
the maximum contribution of generator are paired and such load-generator pairs are considered for sub-system 
connection and islanding. 
 
 
 
 
 
 
 
         Fig. 3. Generator contribution in IEEE 9 bus system. 
5. Simulation under fault condition 
Different fault conditions such as three phase to ground fault and single phase to ground fault are simulated and 
examined for following test cases:   
x Without GUPFC and without fuel cell  
x Without GUPFC and with fuel cell  
x With GUPFC and without fuel cell  
x With GUPFC and with fuel cell  
x With active GUPFC  
The test case with active GUPFC is explained below and the results are presented. 
 
Bus 
No. 
Load 
(MW) 
Generator contribution 
G1 G2 G3 
5 90.00 32.19% 0.00% 67.81% 
7 100.00 0.00% 76.03% 23.97% 
9 125.00 30.42% 69.58% 0.00% 
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5.1. Test case: 5- With active GUPFC 
Fig. 4 shows the load voltage profile with active GUPFC based sub-system. The load voltage remains constant 
during entire simulation period. The intentionally islanded load has almost constant voltage. Brief spikes are 
observed during switching in the system at 1.0 sec. and 2.0 sec. The fuel cell embedded GUPFC improves the load 
voltage profile during three phase to ground fault and single phase to ground fault. The GUPFC, as compared to 
previous test cases, receives power for improving load voltage profile during fault, due to fuel cell connected to its 
common DC bus. The load voltage profile using active GUPFC during intentional islanding condition shows almost 
constant load voltage of 1 pu during simulation. 
 
 
 
 
 
 
 
Fig. 4. Load voltage profile in test case-5. 
By examining different test cases it can be seen that load voltage remains constant with active GUPFC. The 
percentage load voltage deviation from the rated load voltage is calculated as: 
 
ܮ݋ܽ݀ݒ݋݈ݐܽ݃݁݀݁ݒ݅ܽݐ݅݋݊ ൌ  ሺሺ̴ܸܴܽݐ݁݀ሻെ ሺ̴ܸܣܿݐݑ݈ܽሻሻ ൈ ͳͲͲȀሺ̴ܸܣܿݐݑ݈ܽሻ 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5. Summary of simulation for line to ground fault. 
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Fig. 6 .Summary of simulation for three phase to ground fault. 
Fig. 5 illustrates the percentage load voltage deviation from the rated value of 1 p.u for  line to ground fault and 
Fig. 6 illustrates for three phase to ground fault. It is observed that the system without GUPFC and without fuel cell 
shows maximum percentage deviation of load voltage. The system with and without GUPFC and with and without 
fuel cell shows improvement in the load voltage profile but fails to maintain profile during fault. The system with 
active GUPFC shows minimum percentage of load voltage deviation from its rated value during the fault. The most 
frequent fault in a power system, single phase to ground fault, has minimum percentage load voltage deviation as 
compared to three phase to ground fault during non-islanding and intentional islanding conditions. The graph in Fig. 
5 and 6 illustrate the deviation of load voltage from rated value under different network situations. 
6. Restoration 
The graph theory model of IEEE 9 bus system is considered for the restoration. For study purpose, all the 
generators in the test system are considered as TPS with 8% auxiliary consumption. 
6.1. Step – 1  
The load-generator pair is formed based on proposed algorithm. The generator at Bus 3 and load at Bus 5 are 
paired after necessary 5% load shedding as shown in Fig. 7(a). 
6.2. Step – 2  
After successful balancing of generator and load and ensuring healthy transmission line exists between Bus 1 and 
Bus 5, additional 6% load shedding is carried out at Bus 5 and 5.36 MW power is made available to Bus 1 for 
running the auxiliaries as shown in Fig. 7(b). 
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6.3. Step – 3 
By ensuring link between Bus 1 and Bus 9, generator at Bus 1 starts with auxiliary power available as mentioned 
in step-2. The generator-load balance is checked with 50% load shedding at Bus 9. At the end of this step, Bus 5 will 
be able to supply 85 MW. This is shown in Fig. 7(c). 
6.4. Step – 4 
Once the system gets stable, ensuring healthy link between Bus 9 and Bus 2 additional 20% load shedding is 
carried out at Bus 9 to extend power to generator at Bus 2. This will enable the auxiliaries to run. This step is 
illustrated in Fig. 7(d). 
 
 
(a) 
 
(b) 
 
 
(c) 
 
(d) 
 
Fig. 7. IEEE 9 bus system with islanding and restoration. 
 
All generators in the system were working, after starting of the generator at Bus 2. Ensuring all tie-lines, the load 
at Bus 5, Bus 7 and Bus 9 is connected with the system without load shedding. After successful implementation of 
step number 5, the system is fully restored. The summary of all steps is given in Table. 1. 
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                    Table 1: Summary of restoration procedure for 9 bus system 
Step No. 
Bus 
Remark 
1 2 3 5 7 9 
Initial state 67 163 85 90 100 125 Healthy system 
Grid failure 0 0 85 85 0 0 Islanding 
1 0 0 85 85 0 0 G-L pair sustained 
2 -5.36 0 85 79.64 0 0 27% load restored 
3 67 0 85 85 0 67 48% load restored 
4 67 -13.02 85 85 0 53.96 44% load restored 
5 67 163 85 90 125 100 100% load restored 
7. Conclusion 
It is observed that with a systematic method based on graph theory developed for estimating contribution from 
each generator of a power system through a given load, helps to identify the area for intentional islanding. The 
inclusion of active GUPFC based sub-system improves performance of power system under all conditions by 
showing better voltage stability when compared with the presence of power flow controller alone. An algorithm 
using two step procedure is developed for determining the location of active GUPFC based sub-system from TPS. 
The novel approach helps to reduce restoration time delay in Indian power system by using a bottom-up approach. 
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